We determined the relationship between garenoxacin exposure and quinolone-resistant subpopulations for three bacterial isolates in an in vitro hollow-fiber infection model. An "inverted-U" relationship was identified wherein resistant subpopulations rose initially and then declined with increasing exposure, until reaching a threshold that prevented resistance amplifications. Different targets for the area under the concentration-time curve over 24 h/MIC ratio were required for different bacteria.
The emergence of resistance has become a worldwide problem that challenges the ability of physicians to provide appropriate therapy to seriously infected patients. As resistance to our current antimicrobial agents continues to rise, the toll in mortality and morbidity, as well as the cost of care, will rise in parallel. It is imperative, therefore, to identify ways to suppress the emergence of resistance.
There are multiple mechanisms by which organisms may become resistant to antimicrobials (12) . The acquisition of plasmids bearing resistance determinants and the acquisition of new genes through the production of mosaic chromosomes are two common ways for resistance to emerge. However, a third important way is the spontaneous production of a clone bearing a point DNA mutation that provides a competitive advantage when the organism is under selective pressure. Some examples include mutations in the control sequence of the AmpC ␤-lactamase, point mutations resulting in the overexpression of efflux pumps, and point mutations in topoisomerase II and IV genes. Each of the examples of this mechanism cited above occurs with a specific frequency that differs among antibiotics and species. When the population burden seen at an infection site (e.g., nosocomial pneumonia) exceeds the inverse of the mutational frequency substantially, there will be a high probability that multiple subpopulations of organisms will exist. The largest subpopulation will be the susceptible population of organisms. The more frequent the occurrence of the point mutation, the larger the baseline population containing that specific mutation will be. Antimicrobial pressure may have differential effects on these subpopulations. A specific drug exposure may be adequate to mediate a substantial (multilog) decline in total bacterial burden. However, that exposure may have only a minor effect on the resistant subpopulation or may even amplify that group of organisms, so that the resistant clones represent a higher fraction of the total population over time. This may be perceived clinically as the emergence of resistance.
We have previously demonstrated in an animal system the possibility of dosing to suppress the amplification of this resistant subpopulation (6) . In the present study, we used a hollowfiber infection model (HFIM) to examine the relationship between garenoxacin (a des-fluoroquinolone) exposures and the likelihood to counterselect resistance.
Antimicrobial agent. Garenoxacin powder [lot 807T-3(A)] was supplied by Bristol-Myers Squibb Pharmaceutical, Inc. (Princeton, NJ). Ciprofloxacin powder (lot 110) was supplied by Bayer Corp. (Kankakee, IL). Stock solutions of garenoxacin and ciprofloxacin were prepared at a concentration of 1 mg/ml in sterile water and stored at Ϫ20°C.
Microorganism. Klebsiella pneumoniae ATCC 13883 (American Type Culture Collection, Manassas, VA) and a clinical strain of methicillin-resistant, ciprofloxacin-susceptible Staphylococcus aureus (MRSA-CS) were used. An isogenic ciprofloxacin-resistant MRSA strain (MRSA-CR) was generated by culturing approximately 10 9 CFU of MRSA-CS onto Trypticase soy agar plates (Difco, Detroit, MI) containing 3ϫ MIC of ciprofloxacin. All of the bacterial isolates were stored at Ϫ70°C in skim milk. Fresh isolates were grown on blood agar plates (BBL Microbiology Systems, Cockeysville, MD) for 24 h at 35°C before each investigation.
Susceptibility studies. The MICs and MBCs of the bacterial isolates to garenoxacin were determined in cation-adjusted Mueller-Hinton II broth (Difco) by using a serial twofold broth macrodilution method described by the Clinical and Laboratory Standards Institute (CLSI; formerly NCCLS) (8) . The MICs of ciprofloxacin for MRSA-CS and MRSA-CR were also determined. The studies were conducted in duplicate and repeated once on a separate day.
HFIM. The schematic diagram of the system (1) and details of the experimental setup (5) have been published previously. A few colonies of bacteria were inoculated in cation-adjusted Mueller-Hinton II broth and incubated at 35°C until reaching the late log phase growth. The bacteria were inoculated into the HFIM at a concentration of approximately 3 ϫ 10 8 CFU/ ml. The high inoculum was used to simulate the bacterial load in severe infections (e.g., nosocomial pneumonia) and to allow resistant subpopulation(s) to be present at baseline. Each HFIM was exposed to garenoxacin with different and escalating free area under the concentration-time curve over 24 h (AUC 24 )/MIC exposures for 48 h. The AUC 24 /MIC exposures simulated the steady-state human pharmacokinetic profile of unbound garenoxacin when the drug is administered once every 24 h (terminal half-life ϭ 12.8 h, clearance ϭ 6 liters/h) (2). Seven regimens were used for each bacterial isolate; simulated free AUC 24 /MIC values ranged from 0 to 800 for K. pneumoniae and MRSA-CS. The free AUC 24 /MIC exposures of 0 to 2,000 were used for MRSA-CR. Serial samples were obtained from the HFIM for garenoxacin concentrations analysis using a validated high-performance liquid chromatography method as described previously (10) . A one-compartment open model with zero-order, time-limited infusion was fit to the concentration-time profiles to determine the clearance by using the ADAPT II program (4). The AUC 24 was derived by using the relationship: AUC 24 ϭ dose/clearance.
Microbiologic responses. Samples were also obtained from each HFIM for quantitative culture at 0 and 48 h to define the effect of the various drug exposures on the selection of resistant bacterial subpopulations. Prior to plating the bacteria quantitatively, the bacterial samples were washed once with sterile normal saline in order to minimize drug carryover effect. Resistant subpopulations were quantified by culturing onto heart infusion agar plates (Difco) containing garenoxacin at a concentration 3ϫ MIC to garenoxacin. The medium plates were incubated at 35°C for up to 72 h, and then colonies on each plate were counted. Breakpoints were defined as the minimal AUC 24 /MIC needed to prevent resistant mutant population from amplifying above the absolute number present at baseline. At 48 h, one mutant clone growing on each antibiotic containing plate was picked, and its susceptibility to garenoxacin was redetermined in parallel to the baseline isolate to confirm the presence of resistance. For selected S. aureus isolates, the quinolone resistance determining regions (QRDRs) of the gyrA, gyrB, grlA, and grlB genes were amplified by PCR and sequenced as previously described (9) .
Susceptibilities of bacterial isolates to garenoxacin. The susceptibilities of various bacteria and their respective isolates obtained from garenoxacin-supplemented plates are shown in Table 1 . Minimal change in garenoxacin MIC was observed with the MRSA-CS (parent) isolate in the presence of reserpine (10 g/ml). However, a fourfold reduction in MIC was seen in the MRSA-CR (daughter) strain with the addition of reserpine. The MICs of ciprofloxacin for MRSA-CS and MRSA-CR were found to be 0.5 and 4 g/ml, respectively. DNA sequencing studies of both isolates did not reveal any point mutation in the QRDRs of the gyrA, gyrB, grlA, and grlB genes (data not shown).
Microbiologic responses. The system setups were reasonable for simulating the target drug exposures, as indexed to AUC 24 (data not shown). The fraction of drug-resistant organisms in the total population observed at baseline and at 48 h did not differ with the placebo (data not shown). As seen in Fig. 1 , low AUC 24 /MIC ratios amplified the resistant mutant population. Apart from K. pneumoniae, for which the peak amplification was at a very low AUC 24 /MIC ratio (AUC 24 /MIC ratio Х 10), the maximal amplification of the resistant subpopulation of S. aureus isolates occurred at AUC 24 /MICs ratios between 20 and 35. It was clear by inspection that the resistant population declined as a function of increasing drug exposure. The minimal exposures estimated to hold the number of resistant clones at or below the number present at baseline were AUC 24 /MIC ratios of 67 for K. pneumoniae, 143 for MRSA-CS, and 431 for MRSA-CR. The MRSA-CR strain was derived from the parent strain of MRSA-CS by passage on a plate containing ciprofloxacin. The resistance counterselective exposure for this parent-daughter pair of organisms is vastly different (more than threefold), even though the exposures were altered to address the baseline change in MIC. Figure 1D shows a stylized response of the number of resistant clones as a function of the AUC 24 /MIC ratio. It was on the basis of this response that we used the term "inverted-U response." Susceptibilities to garenoxacin were rechecked at the end of the experiment. MIC increases were, in the main Ͼ4-fold, with a few isolates demonstrating a 2-fold change. The greatest MIC changes were 8-to 16-fold for S. aureus and 64-fold for K. pneumoniae.
Because of the crisis of drug resistance among bacteria, particularly those found in the nosocomial setting, any simple methodology that could guide the appropriate dosing of antimicrobial agents to help suppress amplification of the resistant subpopulation would be important. Such a methodology would allow drugs currently in use to remain in the physician's armamentarium for a longer period, since the pressure to switch to newer agents would be reduced because of decreased resistance. Furthermore, new agents could be developed from the beginning so that the dosing schedule used would suppress the emergence of resistance.
Previous uses of the HFIM system have focused on the overall relationship between drug exposure and killing of the total microbial population. In the present investigation, we examined the effect of differing drug exposures on the size of the resistant subpopulation over 48 h in three different organisms often seen in nosocomial (and community-acquired) infections. Low AUC 24 /MIC ratios (10 to 35) were optimal for maximally amplifying the preexisting resistant subpopulation. Exposures in excess of this amplified the resistant subpopulation suboptimally, until an exposure was achieved that kept the number of resistant clones at or below the number present at the initiation of the therapeutic pressure. This sequence gives the plot an "inverted-U" shape. This relationship has been postulated for drug therapy in human immunodeficiency virus infections (3). However, we are unaware of experimental data demonstrating this relationship for any other class of pathogens. This direct demonstration of an "inverted-U" shape for the function linking drug exposure to suppression of the resistant subpopulation is, to our knowledge, the first. This concept has inspired several subsequent investigations, repeatedly demonstrating a similar trend (5, 10, 11). K. pneumoniae required a relatively low AUC 24 /MIC ratio to counterselect resistance (i.e., an AUC 24 /MIC ratio of 67). The MRSA-CS strain, however, required an AUC 24 /MIC ratio of 143. This finding is concordant with the clinical observations that the emergence of fluoroquinolone resistance in general and of ciprofloxacin in particular occurs much more readily for methicillin-resistant strains. Somewhat to our surprise, the MRSA-CR strain required a much larger AUC 24 /MIC ratio (about 431) to counterselect resistance. An obvious observation of Fig. 1C was that the estimate of an AUC 24 /MIC ratio of 431 was probably imprecise. There were no other observations between an AUC 24 /MIC ratio of 200 and 450. Therefore, the slope of the line may be flatter than would have been found had there been other observations in the range. However, the overall finding that a greater AUC 24 /MIC ratio needed for the prevention of amplification of the resistant subpopulation in the ciprofloxacin-resistant strain was certainly valid. An AUC 24 /MIC ratio of 200 still allowed near-maximal amplification of the resistant subpopulation. This value was already considerably in excess of that necessary for the MRSA-CS parent isolate (AUC 24 /MIC ratio of 143).
The addition of reserpine showed minimal effect in the MRSA-CS isolate on its susceptibility to garenoxacin. However, the MRSA-CR strain demonstrated a fourfold reduction in MIC with the addition of the reserpine. It is highly likely that the daughter isolate has overexpressed the norA pump, which is analogous to the quinolone-effluxing pmrA pump in Streptococcus pneumoniae. Sequencing through the QRDRs of the MRSA-CR isolate demonstrated no mutation likely to result in an MIC change to a quinolone. However, the isolates recovered at the end of the experiment were found to have a garenoxacin MIC 16-fold higher than the baseline MIC. QRDR sequencing of these mutant isolates (derived from MRSA-CR) demonstrated mutations at S84L of gyrA and E84K of grlA, both known quinolone resistance mutations. This indicated that the likely explanation for the difference between MRSA-CS and MRSA-CR was the frequency with which these organisms developed a mutation to overexpress the norA pump. Further, this finding suggested that the much higher exposures required to counterselect resistance in the ciprofloxacin-resistant daughter isolate were because the presence of pump overexpression enhanced the mutational frequency of altered target site, as we have shown previously in S. pneumoniae (7) . The presence of these secondary mutation(s) resulted in a greater drug exposure necessary to counterselect the amplification. The counterselective AUC 24 /MIC ratios differed considerably among the strains tested. It is unlikely to be straightforward in identifying a single AUC 24 /MIC ratio for a drug that will counterselect all isolates, unless a very large value is used reflecting the genus and species that is the most difficult to suppress.
In summary, there is a considerable between genus and species difference in the intensity of the exposures required for resistance suppression. The presence of efflux pump overexpression may influence the likelihood in which S. aureus acquires a (secondary) target mutation. For this type of point mutation-based resistance, the ability to control resistance can be influenced by the dose of drug selected. Such findings will be crucial to fighting our current crisis of resistance and warrants further investigations in the clinical setting. 
